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In this work, we report the results of ab initio calculations of thermochemical properties of several compounds
in the Fe-Nd, B-Nd and B-Fe-Nd systems. We have performed DFT+U calculations to compute the enthalpy
of formation of the compounds NdB6, NdB4, Nd2B5, Nd2Fe17 and Nd5Fe2B6. It was found that the values
obtained with an effective Hubbard U correction have better agreement with the experimental data. We have also
computed the vibrational contribution to the heat capacity (Cp) of the compounds as a function of temperature
was computed using the quasharmonic approximation. For most of the compounds these properties have not
been experimentally determined until now. Hence, the computed ab initio thermodynamic properties will serve
as useful input for the Gibbs energy model parameter assessment using the CALPHAD method.
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I. INTRODUCTION
Ab initio calculations based on density functional theory
(DFT) have gained much popularity mainly because of the
reliable results that can be obtained through these computa-
tions. Amongst many properties that can be computed by this
method, the thermochemical properties such as enthalpy of
formation, enthalpy of mixing, heat capacity, etc. are of par-
ticular interest. They serve as important input in the Gibbs
energy modelling in the context of the CALPHAD (acronym
for CALculation of PHAse Diagrams) approach, especially
when the corresponding experimental data are not available.
This greatly improves the quality of the generated Gibbs en-
ergy functions. With the advancements in high-performance
computing, it is now possible to carry out these calculations
for systems with a large number of atoms. In this work, we
report the results of ab initio calculations of thermochemical
properties of the compounds NdB6, NdB4, Nd2B5, Nd2Fe17
and Nd5Fe2B6.
The rare-earth and transition metal compounds with local-
ized 3d/4 f orbitals constitute what is known as the “strongly
correlated” systems. Compounds of this class contain lo-
calized electronic orbitals that introduce significant on-site
Coulomb repulsion [1]. Mott insulators are also a well-known
group of materials belonging to this category.
A shortcoming of DFT is the failure of the conventional
exchange-correlation functionals (LDA/GGA) in describing
the quantum mechanical nature of the strongly correlated sys-
tems. For instance, the DFT calculations using LDA/GGA
functionals identify Mott insulators as metals. On the other
hand, Mott insulators are well described by the Hubbard or
Anderson models based on the tight-binding approach [1].
The U parameter in the Hubbard model accounts for the ef-
fect of on-site repulsion. This parameter is adopted within
DFT and gives rise to the so-called DFT+U method, which
introduces a correction to the total energy [2]. This approach
has thus increased the accuracy of the results of DFT calcula-
tions concerning strongly correlated materials. These orbitals
are specially treated in the DFT+U scheme with the correction
using a Hubbard U parameter.
To the best of our knowledge, ab initio calculations to com-
pute the finite temperature thermodynamic properties of these
compounds have not been reported so far. Li et al. [3] have re-
ported ab initio thermodynamic properties of several borides
relevant to the Fe-B system. Recently, another ab initio in-
vestigation [4] reported enthalpies of formation of Nd-B com-
pounds using GGA functionals.
The thermodynamic modelling of Nd-Fe-B system by van
Ende et al. [5] made use of the available experimentalCp data
for Gibbs energy modelling of NdB6 and NdB4, whereas Cp
of Nd2B5, Nd2Fe17 and Nd5Fe2B6 were approximated using
Neumann-Kopp rule due to lack of experimental data. It is
envisaged that the results of the present work could be used
in order to further improve the thermodynamic modelling of
Nd-Fe-B system.
II. MODEL AND METHODOLOGY
In this work, DFT calculations were carried out using the
QUANTUM ESPRESSO [6] code, which uses a plane-wave
basis set to expand the wavefunctions. Core electrons were
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2represented with projector augmented waves (PAW) [7] pseu-
dopotentials. These pseudopotentials use 3 valence elec-
trons (2s2 2p1) for B, 8 valence electrons (4s2 3d6 4p0)
for Fe, and 14 valence electrons (5s2 5p6 6s2 4f4 5d0) for
Nd. The GGA exchange-correlation functional parametrized
by Perdew-Burke-Ernzerhof [8] (PBE) was used. Marzari-
Vanderbilt smearing [9] was used to smooth the discontinu-
ities in integrals due to the Fermi surface. To aid convergence
in calculations, the largest smearing width σ was used which
does not introduce ground state energy deviation larger than
0.002 Ry/atom. The width of Marzari-Vanderbilt smearing
used in this study ranged from 0.01 Ry up to 0.05 Ry.
The calculations were done on k-points selected using the
Monkhorst-Pack scheme [10]. Convergence tests were carried
out for every structure up to an energy convergence of 0.001
Ry/atom. The same convergence test was applied to determine
the appropriate cut-off energy for the plane-wave expansion
of the wavefunction. The Hubbard correction (GGA+U) was
employed to account for localized orbitals due to the presence
of 3d/4 f orbitals. The effective U corrections are obtained
using an effective U parameter Ueff = U − J as outlined by
Dudarev et al. [11].
The Hubbard U parameter allows for the self-consistent de-
termination as outlined and implemented by Cococcioni et
al. [12]. Since DFT treats orbitals as delocalized, partial occu-
pation is favoured. Hubbard U correction can be considered
as the energy cost to enforce full occupation of the Hubbard
sites. Cococcioni et al. formulated a linear response approach
by perturbation of the occupation matrices for the Hubbard
sites. By introducing a finite perturbation in the occupation
matrix, the gradient of energy with respect to orbital occupa-
tion may be established. Hence, the energy cost of full oc-
cupation may be obtained, which is the effective Hubbard U
parameter.
Calculations were performed using GGA+U with self-
consistently determined values for Ueff . These were obtained
for every inequivalent atomic sites occupied by the Nd and Fe.
The Nd or Fe atoms occupying each inequivalent site were
perturbed separately and Ueff obtained for the corresponding
Hubbard site. The magnitude of Ueff is related to the atom-like
nature of electrons occupying the Hubbard sites.
The enthalpy of formation for different compounds were
calculated with respect to (α-Nd), (α-Fe) and (α-B) using the
following equation.
∆fH◦298(NdxFeyBz) ≈ E0(NdxFeyBz)
− xE0(Nd) − yE0(Fe) − zE0(B) (1)
In order to compute the vibrational contribution to Cp of the
compounds, phonon frequencies were computed using the
quasiharmonic approximation (QHA), as implemented in the
phonopy [13] code. The approach uses finite displacements
in order to compute force constants, which are subsequently
used to construct the dynamical matrices and phonon frequen-
cies. Vienna Ab Initio Simulation Package (VASP) [14–17]
was used as the force calculator, since it provides more reli-
able geometry optimization for QHA purposes. Phonon cal-
culations are performed for these compounds using varying
supercell sizes. Choices regarding computed supercell sizes
are made with respect to computational cost and the number
of calculations needed over the period of study.
There are two formulations of specific heat (Cp) as im-
plemented in phonopy [18]. The phonon contribution to
Helmholtz free energy is computed as in Equation (2):
Fphonon =
1
2
∑
qν
~ω(qν)
+ kBT
∑
qν
ln
[
1 − exp
(
−~ω(qν)
kBT
)]
(2)
where ν denotes band index and q denotes the q-points. The
Gibbs energy is used in order to derive properties at constant
pressure. It may be calculated as the minimum of cell volume
V , as seen in Equation (3):
G (T, p) = min
V
[
U(V) + Fphonon(T ;V) + pV
]
(3)
which requires the computation of the Helmholtz free energy
at multiple volumes. This is applied over a volume range of
−5% to +5% of the equilibrium volume, with 1% increments
(a total of 11 points). Cp can then be calculated from the sec-
ond derivative of Gibss free energy with respect to tempera-
ture:
Cp (T, p) = −T δ
2G (T, p)
δT 2
(4)
The result of Equation (4) is collated in the file
Cp-temperature.dat within phonopy code. A different
derivation may produce a smoother result in the Cp-
temperature polyfit.dat file within phonopy, as described in
Equation (5):
Cp (T, p) = T
δV (T, p)
δT
δS (T ;V)
δV
∣∣∣∣∣
V(T,p)
+ CV
[
T,V(T, p)
]
(5)
where S denotes the entropy, again taken at minimum with
respect to volume V at temperature T . It is common prac-
tice among CALPHAD researchers to obtain high temperature
data of up to T = 3000 K for a complete database.
For visualization of crystal structures, the XCRYSDEN
code [19] was used. The initial crystal structures used in all
our calculations are well defined in Tables in Section III, while
the results of our geometric optimization calculations (per-
formed for every compound), as well as the computational
parameters involved, are listed in the Appendix.
III. RESULTS AND DISCUSSION
A. Elements
1. Nd
The ground state crystal structure of Nd (α-Nd) has the
P63/mmc symmetry. Nd atoms are arranged in a double
3TABLE I. Crystallographic data for α-Nd
Space group P63/mmc (194)
Pearson symbol hP4
a0[Å] 3.6582
c0[Å] 11.7966
Label Type Fractional Coordinates Ueff [eV]x y z
Nd1 Nd 0.00000 0.00000 0.00000 5.1340
Nd2 Nd 0.33333 0.66667 0.25000 5.2474
TABLE II. Crystallographic data for α-Fe
Space group Im3¯m (229)
Pearson symbol cI2
a0[Å] 2.8665
Label Type Fractional Coordinates Ueff [eV]x y z
Fe1 Fe 0.00000 0.00000 0.00000 3.9182
hexagonal close-packed (dhcp) arrangement with two distinct
symmetry-irreducible positions with an antiferromagnetic or-
dering. In order to account for the antiferromagnetic ordering
in the structure, the initial magnetic moments for the two po-
sitions are specified as antiparallel to one another.
The crystal structure is shown in Figure 1. Initial data on
the lattice parameters and atomic positions are taken from the
work of Wyckoff [20] (Table I). The calculated Ueff values
per the scheme of Cococcioni and de Gironcoli [12] are also
included.
2. Fe
The ground state crystal structure of Fe (α-Fe) belongs to
the Im3¯m space group. The crystal structure is shown in Fig-
ure 1, with a ferromagnetic ordering. The initial lattice con-
stants were taken from Kohlhaas et al. [21]. The details of
the crystal structure is listed in Table II. A single Hubbard site
was treated with Ueff of 3.9182 eV.
From geometry optimization using GGA, we obtained an
underestimated lattice constant of around 2.8253 Å. This re-
sult is comparable to recent ab initio calculations of ground
state Fe, which shows a slight underestimation [22, 23]. How-
ever, from geometry optimization using GGA+U an overes-
timated lattice constant of around 2.9127 Å was obtained,
leading to a large difference in ground state energy between
the two optimized structures. This would significantly af-
fect enthalpy of formation calculations for both Nd2Fe17 and
Nd5Fe2B6, discussed in Sections III E and III F.
TABLE III. Crystallographic data for α-B
Space group R3¯m (166)
Pearson symbol hR12
a0[Å] 4.9179
c0[Å] 12.5805
Label Type Fractional Coordinates Ueff [eV]x y z
B1 B 0.45219 0.54781 0.05800 -
B2 B 0.53019 0.46981 0.19099 -
TABLE IV. Crystallographic data for NdB6
Space group Pm3¯m (221)
Pearson symbol cP7
a0[Å] 4.1280
Label Type Fractional Coordinates Ueff [eV]x y z
Nd1 Nd 0.00000 0.00000 0.00000 5.3377
B2 B 0.20170 0.50000 0.00000 -
3. B
There is uncertainty regarding the ground state structure of
boron, whether it is α-B or β-B. Both α-B and β-B belong
to the space group R3¯m. While α-B was found to be ener-
getically more stable in an earlier work by Shang et al. [24],
another study found β-B to be more stable by an energy differ-
ence of 3 meV/atom [25]. The α-B is regarded as the ground
state in this work due to this marginal difference in energy and
its much simpler structure compared to β-B. The initial lattice
parameters and atomic positions required for the calculations
are taken from the experimental work of Will and Kiefer [26].
These are listed in Table III. A rhombohedral primitive cell
was constructed based on the crystal structure data found in
their work. It contains 12 atoms (Figure 1), compared to the
105 atoms in the case of β-B.
B. NdB6
NdB6 possesses with a cubic crystal structure with Pm3¯m
symmetry (Figure 2). The initial lattice parameters are taken
from the work of McCarthy and Tompson [27], while the
atomic positions are from the prototype structure CaB6 [28].
The crystal structure data is listed in Table IV. No significant
change in lattice parameters or atomic positions was observed
after the geometry optimization.
As a part of our initial calculations, the enthalpy of forma-
tion of NdB6 was calculated using several methods. One of the
calculations was done with GGA-PBE exchange-correlation
functional without any correction. The other calculations in-
volve Hubbard U corrections and with inclusion of the J term
4FIG. 1. Crystal structure of (a) α-Nd, (b) α-Fe and (c) α-B visualized using XCRYSDEN [19]
FIG. 2. Primitive cells of (a) NdB6, (b) NdB4, (c) Nd2B5, (d) Nd2Fe17, and (e) Nd5Fe2B6, visualized using XCRYSDEN [19].
(GGA+U+J). The last calculation was performed with the ef-
fective U parameter (GGA+Ueff). This approach was done in
order to establish the reliability of the effective Hubbard cor-
rection, in comparison to the non-corrected GGA and stricter
Hubbard corrections.
GGA+U + J calculation was performed with uniform cor-
rection parameters. The U value was taken as 4.8 eV and the J
value as 0.6 eV, both taken from a cRPA (constrained random
phase approximation) calculation by Nilsson et al. [29]. The
effective Hubbard parameter Ueff was estimated to be 5.337
eV using the method proposed by Cococcioni [12]. The cal-
culated enthalpy of formation using the different methods are
listed in Table V, along with the experimental data from the
work of Storms [30].
The enthalpy of formation calculated using GGA+U + J
and GGA+Ueff methods are in good agreement with the ex-
perimental data. GGA-PBE calculations show slightly more
negative value. These results show that while conventional
TABLE V. Comparison of theoretical and experimental enthalpy of
formation for NdB6
Method ∆fH◦298 [J/mol]
GGA -51720
GGA+U + J -46650
GGA+Ueff -45019
Experiment -46750 ± 1250
GGA is sufficient to predict the enthalpy of formation of NdB6
to a certain extent, both the simplified and strict Hubbard cor-
rections show improvement. The Hubbard correction allows
for a better representation of the localized orbitals on the Hub-
bard site (atomic-like 4 f orbitals), leading to a more reliable
prediction of energetics of the system.
The smaller primitive cell of NdB6 allows for a larger,
2 × 2 × 2 supercell to be used in the phonon calculations.
5FIG. 3. Calculated phonon dispersion for NdB6.
We would expect the best result for this supercell relative to
the other compounds within the scope of this work run with
1 × 1 × 1 supercells. In addition to the required Cp data, we
have also obtained the 1 × 1 × 1 phonon dispersion in or-
der to make a rough comparison with other lanthanide series
hexaborides. This is shown in Figure 3. Comparison is made
between the phonon dispersion patterns of NdB6 and LaB6,
(Figure 4), as well as NdB6 and CeB6 (Figure 5), both taken
from Gu¨rel and Eryig˘it [31]. It is evident that the phonon dis-
persions are similar, which is expected due to the similarity in
their crystal structures. The dispersion curve includes a rec-
ognizable flat acoustic modes across the high q-points, which
is indicative of vibrations of large rare-earth atoms between
octahedral B atoms. It is clearly seen in all the rare-earth hex-
aborides RB6.
Comparison is made to theoretical prediction based on heat
capacity expression suggested by Bolgar et al. [35], as shown
in Figure 7. The calculated Cp of NdB6 in this work has good
agreement with the measurements of Reiffers et al., with the
exception in the very low temperature region T < 20 K (see
Figure 6). Magnetic transitions that are not captured by QHA,
largely contributes to Cp in this temperature region.
We see in Figure 7 that the formulation of Cp from Equa-
tion (5) is quantitatively similar to that of Equation (4), and
is qualitatively less prone to numerical fluctuation. This leads
us to believe that Equation (5) is more suited to model Cp.
Therefore, the Cp derived from Equation (5) is favored and is
used from this point on in this work.
A major shortcoming of our calculation for Cp is the insta-
bility of the numerical results from T > 1500 K, the initial
stages of which may also be seen in Figure 7 (more visible
for the results derived from Equation (4), although for both
formulations instability arises in even higher temperatures).
This high temperature unreliability is due to the approxima-
tions made when computing the phonon frequencies, notably
the periodic boundary condition, as explained below.
FIG. 4. Comparison between calculated phonon dispersion of
1 × 1 × 1 supercell NdB6 (red) in this work and LaB6. Three
data sets for LaB6 are shown, including DFPT calculation results by
Gu¨rel and Eryig˘it [31] (black), frozen phonon calculation results of
Monnier and Delley [32] (dashed red), and the experimental work
of Smith et al. [33] (circles). Modified from Figure 2 of Gu¨rel and
Eryig˘it’s work [31]
The frozen phonon approach uses small atomic displace-
ments to calculate the force constant matrices. These dis-
placements are repeated over the periodic boundary condition
however, which negatively impacts the reliability of calcula-
tion. Using larger supercells diminish this effect, and high
temperature regions will amplify the resulting unreliability as
temperature is a multiplying factor in both specific heat for-
mulations. It is clear that the 2 × 2 × 2 supercell used in this
calculation is insufficient to produce reliable values for over
T > 1500 K. For other compounds in this work which utilized
1x1x1 supercells, only values for T < 1000 K are considered
reliable for CALPHAD. This falls short of the initial expecta-
tion to provide Cp values up to T = 3000K.
C. NdB4
The crystal structure of NdB4 has the P4/mbm symmetry.
It can regarded as a structure obtained from a distorted cubic
NdB6 lattice. The structure has B atom pairs between dis-
torted cubic sublattices of Nd atoms and B octahedras. It ex-
hibits interesting magnetic properties [37]. Details concerning
its crystal structure are given in Table VI. There is a single Nd
Hubbard site in the NdB4 unit cell. The initial lattice parame-
ters and atomic positions are taken from Salamakha et al. [38].
The geometry optimization did not result in significant
changes in the lattice parameters and atomic positions from
the initial values. The calculated enthalpy of formation for
NdB4 are listed in Table VII, along with the experimental
value from Meschel and Kleppa [39]. In the GGA+U + J
6FIG. 5. Comparison between calculated phonon dispersion of
1 × 1 × 1 supercell NdB6 (red) in this work and CeB6. Two
data sets for CeB6 are shown, DFPT calculation results by Gu¨rel and
Eryig˘it [31] (black) and the experimental work of Kunii et al. [34]
(circles). Modified from Figure 3 of Gu¨rel and Eryig˘it’s work [31]
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FIG. 6. Comparison of calculated low temperature Cp for NdB6 with
measurement data from Reiffers et al. [36]
calculations, the values of U and J are taken from [29] as in
the case of NdB6. Similar to NdB6, GGA+U + J and the
simplified GGA+Ueff results are in closer agreement with the
experimental data. From these calculations it is evident that
simplified GGA+Ueff method is quite reliable.
Novikov et al. [40] studied the tetraborides of rare-earth el-
ements lanthanum, dysprosium, holmium, and lutetium for 2
K < T < 300 K. It was shown that the Cp value for rare-earth
tetraborides has a range of up to 80 J/mol/K at 300 K. The cal-
Equation	(4)
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FIG. 7. Comparison of two versions of calculated Cp for NdB6 with
theoretical predictions data from Bolgar et al. [35]
TABLE VI. Crystallographic data for NdB4
Space group P4/mbm (127)
Pearson symbol tP20
a0[Å] 7.1775
c0[Å] 4.0996
Label Type Fractional Coordinates Ueff [eV]x y z
Nd1 Nd 0.18306 0.68306 0.00000 5.7931
B2 B 0.00000 0.00000 0.20530 -
B3 B 0.03924 0.17491 0.50000 -
B4 B 0.58863 0.08863 0.50000 -
culated Cp for NdB4 using QHA is shown in Figure 8, and it
corresponds to the expected range for a rare-earth tetraboride
as stated. These values are also compared with the results of
Bolgar et al. [35].
Another point of comparison may be taken from the low
temperature measurement performed by Watanuki et al. [41].
Similarly to the NdB6 case, while fair agreement can be seen
for T > 20K, small peaks in T < 20 K seen in the experi-
mental results was not reproduced in our calculations. As is
with NdB6, these peaks correspond to the complex magnetic
TABLE VII. Comparison of theoretical and experimental enthalpy of
formation for NdB4.
Method ∆fH◦298 [J/mol]
GGA -56482
GGA+U + J -54937
GGA+Ueff -51613
Experiment -53300 ± 1500
7Equation	(5)
Theoretical	estimation	by	Bolgar	et	al.	[35]
C
p	(
J/
m
ol
.K
)
0
25
50
75
100
125
150
T	(K)
0 200 400 600 800 1000 1200
NdB4	constant	pressure	specific	heat	(Cp)
FIG. 8. Calculated Cp for NdB4 and comparison with theoretical
predictions from Bolgar et al.[35].
ordering in NdB4 reported in other works, most recently by
Yamauchi et al. [37].
Figure 8 shows that our calculation result underestimates
Cp from the theoretical estimations for T > 298.15 K. This
likely indicates that the lattice contribution alone cannot ac-
curately represent the total value for Cp. The electronic con-
tribution is also required in order to obtain reliable values for
the Cp of this compound.
D. Nd2B5
Crystal structure of Nd2B5 has a C2/c symmetry with a
monoclinic unit cell, similar to Gd2B5. Initial lattice param-
eters and atomic positions in our calculations are taken from
the work of Roger et al. [42] (Table VIII). There are two Nd
Hubbard sites in the Nd2B5. The calculated enthalpy of for-
mation of Nd2B5 is listed in Table IX. Calculated enthalpies
from GGA and GGA+Ueff do not show good agreement with
the measurement by Meschel and Kleppa [43].
Despite having only slightly distorted structure than NdB4,
the measured enthalpy of formation of Nd2B5 are significantly
different. However, the computed values are not able to re-
flect this difference in enthalpy. The similar results have been
obtained in the recent DFT calculations for the Nd-B binary
system by Colinet and Tedenac [4], as well as for isostruc-
tural Gd2B5 investigated in the same work. This discrepancy
between experimental and DFT results suggests a characteris-
tic of the R2B5 structure which is not being captured by either
GGA or GGA+U calculations.
The calculated Cp for Nd2B5 is shown in Figure 9. As the
enthalpy of formation has shown disagreement with experi-
mental result, it is perhaps wise to assign little to no weight
for this data for CALPHAD purposes.
TABLE VIII. Crystallographic data for Nd2B5.
Space group C2/c (127)
Pearson symbol mP28
a0[Å] 15.0808
b0[Å] 7.2522
c0[Å] 7.2841
β[◦] 109.1040
Label Type Fractional Coordinates Ueff [eV]x y z
Nd1 Nd 0.11813 0.57013 0.59776 5.2099
Nd2 Nd 0.11765 0.06276 0.72268 5.0492
B3 B 0.25110 0.78860 0.82890 –
B4 B 0.25060 0.92270 0.04110 –
B5 B 0.15980 0.75070 0.93930 –
B6 B 0.75040 0.15990 0.40860 –
B7 B 0.45800 0.25630 0.64720 –
TABLE IX. Comparison of theoretical and experimental enthalpy of
formation for Nd2B5.
Method ∆fH◦298 [J/mol]
GGA -54933
GGA+Ueff -49938
Experiment -38900 ± 1500
E. Nd2Fe17
The unit cell of Nd2Fe17 belongs to the space group R3¯m.
Initial lattice parameters were taken from Long et al. [44].
Initial atomic positions are listed in the Pearson’s Handbook
of Crystallographic Data for Intermetallic Phases [45].
Both Nd and Fe sites are treated as Hubbard sites, with five
Equation	(5)
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FIG. 9. Calculated Cp for Nd2B5 using QHA.
8TABLE X. Crystallographic data for Nd2Fe17.
Space group R3¯m (166)
Pearson symbol hR19
a0[Å] 8.5797
c0[Å] 12.5021
Label Type Fractional Coordinates Ueff [eV]x y z
Nd1 Nd 0.00000 0.00000 0.33333 5.6000
Fe2 Fe 0.00000 0.00000 0.09700 3.0130
Fe3 Fe 0.33333 0.00000 0.00000 3.1539
Fe4 Fe 0.50000 0.50000 0.16667 3.0244
Fe5 Fe 0.50000 0.00000 0.50000 2.9752
distinct Ueff parameters for each site when considering all Nd
and Fe atoms. These parameters, as well as the crystal struc-
ture data, are listed in Table X. This structure contains three
formula units (57 atoms). A rhombohedral primitive cell con-
taining one unit formula (19 atoms) is used for the calculations
in this work.
The calculated enthalpy of formation for Nd2Fe17 and com-
parison with experimental data is given in Table XI. It is ev-
ident that Hubbard correction results in significant deviations
from regular GGA calculations. We apply the same treat-
ment to the enthalpy of formation as applied to the compound
Nd5Fe2B6 (see section III F).
∆fH◦298(Nd2Fe17) ≈ ENd2Fe17,GGA+U(Nd)
− 2ENd,GGA+U − 17EFe,GGA (6)
Unlike Nd5Fe2B6, only treating Nd as Hubbard sites
(GGA+Ueff , Nd) results in an overestimated value of enthalpy
of formation. This implies that the bonds formed within the
structure is sufficiently delocalized such that the introduction
of Hubbard U correction does not properly reflect the elec-
tronic state. This suggests that the 4 f electrons in Nd par-
ticipate in the bonding within Nd2Fe17 sufficiently to lose its
atomic-like nature.
The source of this behavior is attributed to the abundance
of coordinated Fe atoms around the Nd atoms. In this com-
pound, Nd atoms are present in small amounts and always
surrounded by 6 Fe atoms, a unique situation compared to
other compounds investigated in this study. This might have
led to a hybridization between the 4 f electron in Nd with one
of the 3d levels in a coordinated Fe atom. Such a mechanism
would explain how the loss of atomic-like nature of the 4 f or-
bitals and why the Hubbard U correction does not reflect an
accurate electronic structure. This is a likely explanation, es-
pecially given that Nd 4 f electrons do slightly contribute to
bonding in metallic Nd [46], in contrast with most other lan-
thanides.
With this in mind, we calculated the enthalpy of formation
of Nd2Fe17 by regular GGA, and adding the effective Hub-
bard U correction only for ground state Nd. Instead of the
uniform treatment of Hubbard correction for all phases in-
volved in the calculation (GGA+Ueff) or uniformly using reg-
TABLE XI. Comparison of theoretical and experimental enthalpy of
formation for Nd2Fe17.
Method ∆fH◦298 [J/mol]
GGA 1410
GGA+Ueff -34428
Equation (6) 18350
Equation (7) -3397
Experiment -3000 ± 3900
Equation	(5)
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FIG. 10. Calculated Cp for Nd2Fe17 using QHA.
ular GGA (GGA) results, only ground state Nd is calculated
with the Hubbard correction.
∆fH◦298(Nd2Fe17) ≈ ENd2Fe17,GGA
− 2ENd,GGA+U − 17EFe,GGA (7)
This resulted in a slightly negative enthalpy of formation,
as shown in Table XI. It agrees well with the experimental
data Meschel et al. [47]. The calculated Cp using QHA for
this compound is shown in Figure 10. As with Nd2B5, there
are no experimental measurements available for comparison
unfortunately.
F. Nd5Fe2B6
Nd5Fe2B6 phase is one of three stable ternary compounds
in Nd-Fe-B system. It is also referred to as T3 phase [48]. It
has a rhombohedral structure with R3¯m space group. A prim-
itive cell with 13 atoms was used in the present work as input
structure. The details about the unit cell, containing 3 formula
units (39 atoms), are summarized in Table XII. The initial lat-
tice parameters and atom positions were taken from Yartys et
al. [49].
9TABLE XII. Crystallographic data for Nd5Fe2B6.
Space group R3¯m (166)
Pearson symbol hR13
a0[Å] 5.4614
c0[Å] 24.2720
Label Type Fractional Coordinates Ueff [eV]x y z
Nd1 Nd 0.00000 0.00000 0.25110 5.6556
Nd2 Nd 0.00000 0.00000 0.41610 5.3697
Nd3 Nd 0.00000 0.00000 0.00000 5.3833
Fe4 Fe 0.00000 0.00000 0.12070 4.9680
B5 B 0.33333 0.00000 0.50000 -
TABLE XIII. Nd5Fe2B6 Enthalpy of Formation
Method ∆fH◦298 [J/mol]
GGA -40603
GGA+Ueff -77113
Equation (8) -44686
For this compound, implementing the Hubbard correction
to Fe results in a much larger shift of ground state energy
for the elements and far less so for the Nd5Fe2B6 structure
itself. This imbalance resulted in a large shift in the calcu-
lated enthalpy of formation. Another GGA+U calculation on
Nd5Fe2B6 is performed by treating the Nd sites only as Hub-
bard sites. We take the value of Ueff for Fe to be zero.
∆fH◦298(Nd5Fe2B6) ≈ ENd5Fe2B6,GGA+U(Nd) − 5ENd,GGA+U
− 2EFe,GGA − 6EB,GGA (8)
Equation	(5)
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FIG. 11. Calculated Cp for Nd5Fe2B6 using QHA.
The calculated enthalpy of formation is listed in Table XIII.
It can be seen that the modified GGA+Ueff gives better agree-
ment with the enthalpy obtained from GGA-PBE value. The
inclusion of Fe as Hubbard sites overestimates the enthalpy
value. The calculated Cp for Nd5Fe2B6 using QHA is shown
in Figure 11. However, without any available experimental re-
sults for comparison, caution must be exercised in its eventual
use in the CALPHAD modelling of the system.
IV. SUMMARY
The summary of this work can be found in the following
Table XIV.
TABLE XIV. Summary of enthalpy of formation
Compound ∆fH
◦
298 [J/mol] Literature [J/mol](this work)
NdB6 -45019 -46750 ± 1250 [30]
NdB4 -51613 -53300 ± 1500 [39]
Nd2B5 -49938 -38900 ± 1500 [43]
Nd2Fe17 -3397 -3000 ± 3900 [47]
Nd5Fe2B6 -44686 -
We have performed DFT calculations on several stable bi-
nary and ternary compounds in Nd-Fe-B and its constituent
binary systems in order to obtain values of enthalpy of for-
mation and Cp. The simplified Hubbard U correction Ueff
was adopted in order to account for the localized 4 f orbitals
present. The results of our calculations are compared with
theoretical predictions and experimental measurements from
literature. It is evident that Hubbard U correction, treating Nd
atoms as Hubbard sites, successfully corrects for the regular
GGA method on the prediction of enthalpy of formation for
several compounds.
The choice of Hubbard sites is another point we can draw
from our work. We observe the inclusion of Fe as Hub-
bard sites results in large deviations from the actual measured
value in experiments performed (Tables XI and XIII). In both
cases massive overbinding can be observed in the calculations,
suggesting that GGA+U severely underestimates the energy
of bulk Fe, which subsequently greatly affects Fe-rich com-
pounds. Treating Nd as a Hubbard site is as well not always
accurate, at least for compounds with exceedingly low con-
centration of Nd, as coordination with neighbouring atoms
may affect the atomic-like nature of 4 f electrons in Nd. In
such cases, treating Nd with regular GGA is sufficient as seen
in the case for Nd2Fe17 in this work.
Phonon calculations were performed in order to obtain lat-
tice vibrations contribution to Cp. It was seen that the results
achieve good agreement with low temperature measurements
except for magnetic ordering in T < 20 K. These computed
values will serve as useful input for CALPHAD type opti-
mization.
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APPENDIX: Computational Details
The following constitutes the details for the computational
calculations performed within this work. As outlined in Sec-
tion II, convergence of the ground state total energy is uti-
lized in order to determine optimal calculation parameters.
We observe a convergence of ground state total energy to
0.001 Ry/atom to be sufficient to establish sufficiently large
cut-off energy and sufficiently dense k-mesh. As for the
width of the Marzari-Vanderbilt smearing, a looser criteria of
0.002 Ry/atom is adopted in order to facilitate calculation con-
vergence more easily.
Nd
Optimized calculation parameters are as follows:
Cut-off energy (wavefunction) : 40 Ry
Cut-off energy (electron density) : 320 Ry
Maximum smearing width : 0.04 Ry
k-mesh : 10 × 10 × 3
The ground state of Nd converges to antiferromagnetic order-
ing. This is also confirmed by ab initio calculation on our
part, by comparing the ground state energy result of the anti-
ferromagnetic ordering and ferromagnetic ordering; the anti-
ferromagnetic structure results in a lower ground state energy.
GGA+Ueff geometry optimization of the ground state crystal
structure produced:
TABLE XV. Geometry optimization results for ground state α-Nd
Optimized Experiment
a[Å] 3.7532 3.6582
c[Å] 12.6511 11.7966
µ [µB/cell] 0.06 -
Fe
Optimized calculation parameters are as follows:
Cut-off energy (wavefunction) : 40 Ry
Cut-off energy (electron density) : 320 Ry
Maximum smearing width : 0.01 Ry
k-mesh : 4 × 4 × 4
The ground state of Fe converges to ferromagnetic order-
ing. As previously stated, GGA+Ueff geometry optimization
of ground state Fe results in an overestimation of the lat-
tice constant to 2.9127 Å. Meanwhile, GGA geometry opti-
mization results in a slight underestimation of the lattice con-
stant of 2.8253 Å, in good agreement with previous ab ini-
tio works which utilized the GGA-PBE exchange correlation
functional [22, 23].
TABLE XVI. Geometry optimization results for ground state α-Fe
Optimized Experiment
a[Å] 2.8253 2.8665
µ [µB/cell] 2.08 -
B
Optimized calculation parameters are as follows:
Cut-off energy (wavefunction) : 35 Ry
Cut-off energy (electron density) : 280 Ry
k-mesh : 4 × 4 × 4
B atoms are not counted as Hubbard sites and are non-
magnetic. As such, geometry optimization are performed as
a non-spin polarized calculation with regular GGA, with the
results shown in Table XVII.
TABLE XVII. Geometry optimization results for ground state α-B
Optimized Experiment
a[Å] 4.8978 4.9179
c[Å] 12.5412 12.5805
NdB6
Optimized calculation parameters are as follows:
Cutoff energy (wavefunction) : 40 Ry
Cutoff energy (electron density) : 320 Ry
k-mesh : 9 × 9 × 9
Maximum smearing width : 0.01 Ry
Unlike ground state Nd, we found for NdB6 ferromagnetic
ordering to be energetically more favorable compared to an-
tiferromagnetic ordering. GGA+Ueff geometry optimization
produces results shown in Table XVIII
TABLE XVIII. Geometry optimization results for NdB6
Optimized Experiment
a[Å] 4.1391 4.126
µ [µB/cell] 3.60 -
12
NdB4
Optimized calculation parameters are as follows:
Cut-off energy (wavefunction) : 40 Ry
Cut-off energy (electron density) : 380 Ry
Maximum smearing width : 0.01 Ry
k-mesh : 5 × 5 × 9
GGA+Ueff geometry optimization results are shown in Ta-
ble XIX.
TABLE XIX. Geometry optimization results for NdB4
Optimized Experiment
a[Å] 7.2384 7.1775
c[Å] 4.1212 4.0996
µ [µB/cell] 12.19 -
Nd2B5
Optimized calculation parameters are as follows:
Cut-off energy (wavefunction) : 40 Ry
Cut-off energy (electron density) : 480 Ry
Maximum smearing width : 0.02 Ry
k-mesh : 4 × 4 × 5
GGA+Ueff geometry optimization results are shown in Ta-
ble XX.
TABLE XX. Geometry optimization results for Nd2B5
Optimized Experiment
a[Å] 15.1832 15.0808
b[Å] 7.2384 7.2522
c[Å] 7.2696 7.2841
β[◦] 109.567 109.1040
µ [µB/cell] 25.39 -
Nd2Fe17
Optimized calculation parameters are as follows:
Cut-off energy (wavefunction) : 125 Ry
Cut-off energy (electron density) : 1200 Ry
Maximum smearing width : 0.03 Ry
k-mesh : 4 × 4 × 4
GGA geometry optimization results are shown in Ta-
ble XXII.
Nd5Fe2B6
Optimized calculation parameters are as follows:
TABLE XXI. Geometry optimization results for Nd2Fe17
Optimized Experiment
a[Å] 8.3927 8.5797
c[Å] 12.7008 12.5021
µ [µB/cell] 32.09 -
Cut-off energy (wavefunction) : 85 Ry
Cut-off energy (electron density) : 850 Ry
Maximum smearing width : 0.03 Ry
k-mesh : 3 × 3 × 3
GGA+Ueff geometry optimization results are shown in Ta-
ble XXII.
TABLE XXII. Geometry optimization results for Nd5Fe2B6
Optimized Experiment
a[Å] 5.5559 5.4614
c[Å] 25.3520 24.2720
µ [µB/cell] 1.13 -
